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Abstract
This paper proposes a novel approach to explore collection of documents in the maritime domain. Documents are reports created by
experts in charge of analyzing suspicious behaviors in the maritime ﬁeld. The goal of this work is twofold: it improves knowledge
exploitation and reuse for situation assessment and it provides support to analysts in charge of incident interpretation. Semantic
integration is at the core of our navigation model. Semantic integration is the process of interrelating information from diverse
sources, by using a commonly adopted description of the application ﬁeld. For this work, reports are not enriched by semantic
annotations, but they are processed in order to represent each document in the form of vectors of numerical values and sets of
concepts augmented by corresponding weight values. Weight values are used to take into account the relevance of each concept for
a given document. In a similar way, user queries are deﬁned by numerical values and sets of ontological entities. The navigation
model implements two information retrieval strategies: ﬁnding retrieves speciﬁc events occurring in speciﬁc areas while explaining
highlights clues to explain abnormal vessel behaviors. Search results are provided by a ranking scheme based on both the semantic
similarity between document and query and values of weights. Supported with complex domain knowledge, our navigation model
oﬀers intelligent means to assist experts while exploring the collection of interpretation reports. The paper also presents remarks
on model validation and evaluation of its performances.
c© 2014 The Authors. Published by Elsevier B.V.
Peer-review under responsibility of KES International.
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1. Introduction
Surveillance in the maritime domain is undertaken by operators and analysts around the world to identify and as-
sess the risk of threats and illegal activities. A typical surveillance scenario involves operators analyzing situational
facts from a picture automatically build by fusing video, radars, AIS (Automatic Identiﬁcation System) and intelli-
gence information. Sometimes information assets available to the staﬀ trigger alerts notifying analysts of abnormal
comportment and then the identiﬁcation of threats is carried out by operators, having the ability to distinguish impor-
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tant from irrelevant and friend from foe, thanks to their knowledge of the maritime domain and reasoning faculties.
Beyond analyzing the current situation, this human-oriented activity also leads to the creation of interpretation re-
ports, providing details on the suspicious behavior and conclusions of investigation. Created by domain experts, the
collection of interpretation reports is a valuable source of knowledge. Reports highlight several types of suspicious
behaviors along with particular conditions to be satisﬁed in order to notify them as worthy of interests, while providing
details on the reasoning procedure adopted by experts to accurately identify each type of behavior.
In this paper we tackle the access to the collection of interpretation reports from a knowledge reuse point of view
and we address the problem of providing support for eﬃcient search and forensic analysis for a large amount of
documents, which is usually a daunting task for humans. This collection contains hundreds of reports, that have
been released to the automatic exploitation either partially or in their entirety. As people having diﬀerent experience
maintain situation awareness diﬀerently1, each report is an individual interpretation of the situational picture. Thus,
reports are heterogeneous not only in terms of the data, but also in terms of how the analyst interprets the scene,
according to its own knowledge and experience.
In this heterogeneous and ambiguous environment it is diﬃcult to get a comprehensive and integrated view of data
and resources required to analyze new maritime incidents. Accessing and searching for information across sources
is tedious and error-prone for users because one must separately probe each source, verify semantic relevance to the
new incident, and then manually integrate the results.
We propose a navigation model relying on domain knowledge, which is able to guide the user towards documents
that are relevant to its information need. An ontology supports the overall solution and allows us to create concepts-
based representations of both documents and user’s query. Concepts are ranked according to their relevance for
each document by using a weighting algorithm. Thanks to the ontology, links are created to connect elements in
heterogeneous information sources. These relationships are further used to build an integrated view of the collection.
In addition to semantic integration, the navigation model implements two information retrieval strategies. The
ﬁrst one identiﬁes events occurred under speciﬁc circumstances, while the second one provides clues as to explaining
abnormal vessel behaviors.
The paper is organized as follows: section 2 presents related approaches of information retrieval for maritime
applications. Data used for this work is described in section 3. Section 4 introduces the navigation model and the
ontology used in support of this work. Section 5 brieﬂy discusses issues on model validation. We draw conclusions
and discuss future work in section 6.
2. Related work
Undertaking surveillance in the maritime domain is a critical capability for coastal nations, and it becomes more
and more diﬃcult with the traﬃcking of people, pollutions, smuggling, unlicensed ﬁshing and piracy adding to the
problem. A number of developments have focused on providing human operators with automatic support helping them
to move to a synthesized vision of situations under observation from an accumulation of heterogeneous information
provided by various assets. Among them, Roy and colleagues tackled the detection of abnormal behaviors in the
maritime domain by using knowledge-based systems, a set of rules and inferences engines, as described in16 and17.
Lane et al. 7 take a step further towards threat assessment and propose a statistical approach to assign a type to abnormal
behaviors.
From a complementary standpoint, several solutions address the problem of knowledge acquisition and modeling
to support the implementation of knowledge-enhanced solutions. Among them, Nillson and colleagues describe
in12 a case study carried-out to identify a set of empirical rules as used by experts of maritime situation awareness.
An ontology of the maritime domain is presented in4, along with the underlying hypothesis management process
developed by using this ontology.
Besides using domain knowledge, improving the quality of information provided to operators oﬀers a means to
achieve eﬀective situation assessment. SeaSpider18 is a tool developed to assist operators in gathering information
about vessels from sources publicly available on the Internet, in order to complete data provided by sensor or intel-
ligence. A complementary approach is addressed by Nguyen et al. in14 who propose a semantic-based tool tailored
for maritime environment allowing users to access a collection of image and video data by providing both key-words
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queries and example-based interrogations. From a more general perspective, Khan et colleagues present in25 a method
to automatically extract related concepts in order to index a document.
Among contributions cited above, the last one is similar to our solution, as the aim of our work is to improve the
access of users to a collection of investigation reports. This is an information retrieval task, going beyond classical
approaches of retrieving structured documents6, as natural language paragraphs are taken into account. To improve
the treatment of those paragraphs, a domain ontology is used, which allows us to create a semantically integrated
collection of documents although documents are not annotated. The integration of documents by using annotation
procedures is addressed by Nesic and colleagues in13.
To improve information retrieval in heterogeneous environments, several solutions augment the semantics of both
document representations, thanks to annotation, and retrieval strategies, thanks to inference mechanisms. Among
them a generic framework to focus crawling of documents over the web is described in9.2 and19 supplied the classi-
cal vector-space model with semantics provided by ﬁne-grained ontologies to reduce the complexity of information
retrieval over large document repositories. Maedche et al. focus more particularly on evaluating the relevance of
retrieved documents and present in11 a ranking criterion based on the estimation of semantic similarity between query
results.
Hybrid solutions using semantic-enhanced and classical information retrieval approaches have also been devel-
oped. Mayﬁeld and Finin10 combine semantic-based techniques and text-based retrieval algorithms. The authors
use semantics to augment the output of key-word based techniques and inferences over a class hierarchy to expand
user queries and to enrich annotations of documents. In8 a new index structure is created to keep the distinction
between domain-speciﬁc knowledge and geographic information. Therefore, information retrieval take advantage of
both ontological inferences and spatial reasoning.
This paper outlines eﬀorts to address the problem of navigation through large collections of documents in the
maritime domain. We developed a navigation model consisting of two key aspects: the semantic integration of the
collection and the deﬁnition of information retrieval strategies. Although related to classical information retrieval
approaches, our contribution consist in developing a solution for maritime safety applications.
3. Description of data sources
Data used for this work is a collection of reports created to provide interpretation of suspicious vessel behaviors.
Reports are created by a semi-automatic procedure, as shown in ﬁg.1. First, a tool designed to support situation
assessment in the maritime domain performs real-time analysis of events and builds a draft of the interpretation
report. Second, maritime safety experts improve the draft by adding natural language paragraphs to explain the event
under analysis. Reports are created semi-automatically as the system is able to provide a set of data that help operators
dig deeper.
Fig. 1. A semi-automatic procedure to create interpretation reports.
The tool described in20 is a technical component developed by the I2C (http://www.i2c.eu) project in order to
detect abnormal vessel behaviors from an intelligent maritime traﬃc picture. The picture itself is processed from
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multisource information such as shoreline sensor data or deployed platform data. A learning engine and a rule engine
access and analyze the traﬃc picture in order to detect clues of abnormal behaviors such as deviations from standard
routes, unexpected low velocity or AIS activity. Once detected, an alert is triggered which is then issued to the
human/machine interface, drawing operator’s attention to vessels worthy of interest.
An investigation is undertaken for each vessel of interest, in order to identify the level and nature of threat associ-
ated, and a report is created to gather data about the suspicious behavior and conclusions of the investigation.
Reports gather information provided by two sources. First, they convey observables, indicators and hypotheses
automatically generated by the system each time an alert is triggered.
Observables are a set of variables describing the current situation such as: details about vessel (name, type, activity,
information about the crew, cargo and owner), the spatial-temporal context (geographical coordinates, time of alert)
or meteorological conditions (weather and navigation).
Indicators are conditions of suspicion expressing signatures of threatening behavior. For instance, vessel older than
15 years or vessel stopping during night time can be relevant for abnormal or threatening comportment. Vessels can
be also ﬂagged if they start the itinerary in a zone considered as critical.
Hypotheses are models of speciﬁc abnormal behaviors automatically associated by the system to vessels under
analysis. Illegal immigration, pollution or traﬃc are of particular interest for maritime safety experts.
While threat analysis is supported by combining observables, indicators and hypotheses, the last ones are critical
information pieces, as potentially they provide explanations as to why the comportment may be of interest. Those
items are automatically gathered by the system to create an intermediate and incomplete report, called threat analysis,
whose goal is to identify whether the behavior is harmful or the system triggered a false alert. Further, this report
is provided to a maritime safety expert, who is the second source to improve the document. The expert interacts
with the system and he can validate the set of automatically generated hypotheses, or reject them. He can propose
diﬀerent hypotheses for the behavior under analysis and provide arguments of their decisions. This process is carried
out iteratively and subjective factors shape inevitability the outcome.
Interpretation reports are created by integrating expert feed-back on the situation and are composed of three se-
mantic units: structured paragraphs for observables and indicators automatically generated, and a natural language
paragraph presenting hypotheses eventually augmented by experts and short argumentation of expert’s actions. Doc-
uments are stored as XML ﬁles.
The construction of interpretation reports is also a knowledge elicitation task, conducted to capture the know-how
of experts and allowing for the system to maintain an up-to-day knowledge base as the expertise of operators change.
With the increasing number of documents created by day to day traﬃc surveillance, there is a need to develop methods
and tools able to guide users while exploring their content. Our approach is based on a navigation model described
hereafter.
4. A semantic-driven navigation model
This section discusses the navigation model by addressing two aspects: the semantic integration of documents and
the deﬁnition of information retrieval strategies. Semantic integration is implemented by developing an index structure
over which users can deﬁne various queries. In addition, information retrieval strategies ensure quick, relevant and
exhaustive information retrieval.
4.1. Indexing the collection of documents
A particular aspect of this work is to build an index whose structure oﬀers a multi-facetted description of the
collection of documents.
According to Waltz’s terminology introduced in15, interpretation reports are composed of data and knowledge
units. Data are observables whose values are gathered through observations, and knowledge units are indicators and
hypothesis, acquired thanks to domain knowledge and expert’s interventions. We developed an index able to connect
observables, indicators and hypothesis, cf. ﬁg. 2.
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Fig. 2. Structure of the index.
The index has two levels: the data layer, corresponding to data is used to handle observables, and the knowledge
layer, corresponding to a domain ontology modeling concepts of indicators and hypotheses along with their relation-
ships. For this work we used as data layer a basic tree-based index.
The knowledge layer is a domain ontology O deﬁned as: O = (C,R,Hc,Hr) where:
C = (c1, c2, ..., cn) is a set of concepts
R = (r1, r2, ..., rn) is a set of relations
a relation r is a function associating two concepts r(c1, c2)
Hc and Hr are hierarchies deﬁning a partial order over the set of concepts and relations, respectively.
An ontology deﬁnes a common vocabulary for describing entities and relationships within a speciﬁc domain for the
purpose of sharing a common understanding of the structure of information,23. Concepts and relations are described
by a set of labels, however an unique label is often used to label each entity.
To capture the maritime domain and assist in the situational awareness problem, we created an ontology of maritime
entities that describes the platforms and states of maritime vessels transporting legal and illicit goods across the sea.
This ontology was build from scratch, thanks to support of maritime safety experts. The strength of using ontologies
is the ability to reuse knowledge for subsequent operations. Fig. 3 illustrates the upper level of this ontology.
Fig. 3. Hierarchy of concepts.
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Besides modeling domain knowledge, the ontology takes into account the structure of documents, as Observables,
Hypothesis and Indicators are central concepts. The data and ontological layers are connected thanks to instantia-
tion links. The index ensures a twofold description of the collection and its structure allows us to carry out classical
information retrieval strategies, restricted on data level, on one hand, and advanced information retrieval tasks, corre-
sponding to enhanced user information needs, on the other.
4.2. Representation of documents
Data extraction and concept identiﬁcation. Each document is composed of several homogeneous semantic
units. From a structural point of view, those units correspond to XML tags and describe: observables and their values
(attribute-values sets), conditions of vessel suspicion (semi-structured data containing indicators), hypotheses raised
by the system along with corresponding arguments written by experts.
By taking into account both the content and the structure of reports we propose a model to represent each document
as a triplet: d = ( Vd, Ed,Wd), where : Vd = (vd1, vd2, ..., vdn) is the vector of numerical values of observables
Ed = (ed1, ed2, ..., edm) is the set of concepts and
Wd = (wd1,wd2, ...,wdp) is the set of weighs assigned to concepts, where wt is the relevance weight of et for document
d.
Fig. 4 illustrates the processing chain developed to translate XML documents according to this model.
Fig. 4. Translation of documents.
First, for each XML ﬁle, values of observables are identiﬁed by parsing the document. Then, the identiﬁcation of
ontological concepts is carried out by analyzing each semantic unit, and highlighting labels of concepts and relations.
This phase identiﬁes two sets of concepts: concepts retrieved within the indicators semantic unit I = (i1, i2, ..., in)
and concepts retrieved within the hypotheses semantic units H = (h1, h2, ..., hn). However, some concepts identiﬁed
are misplaced as they are not speciﬁc to the semantic unit (for example, sub-concepts of Indicators retrieved within
Hypotheses semantic unit), and they are less relevant. Thus a weighting mechanism is used to assign relevance
coeﬃcients to concepts by taking into account the structure of documents and the ontology.
Weighting concepts. For each concept set assigned to a document, some concepts appear in their native context,
for instance indicators concepts are identiﬁed within paragraph describing the conditions of vessel suspicions, while
other appear in related contexts, for instance the same indicators related concepts can also appear within paragraphs
explaining the link between indicators and hypotheses. We consider that concepts are more relevant when occurred
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in their native context, and we assign them a numerical value to characterize their degree of relevance. Weights are
automatically assigned as follows:
wt =
{
1
1
|H| ∗ depth(t)depthmax
}
(1)
where: wt is the weight of concept ct of the set H, |H| is the number of concepts of H, depth(t) is the depth of
concept ct in the ontology O, and depthmax is the maximal depth of the ontology corresponding to its most speciﬁc
concept.
The weight 1 is assigned to concepts identiﬁed in their native context (semantic unit), otherwise its weight is
estimated by taking into account its speciﬁcity with respect to the ontology and its relative importance within the set
of concepts. Thus, more speciﬁc concepts are emphasized, since they carry on a richer semantics. Moreover, their
weight is increased when they appear in small-sized concept vectors. The outcome of this phase is a set of weights
associated to the set of concepts identiﬁed within the document: W = (w1,w2, ...,wn)
Interpretation reports are represented by a model that keeps the distinction between data and ontological levels, as
deﬁned by the index structure.
4.3. Navigation: query deﬁnition and information retrieval
This section describes two navigation strategies implemented to explore the collection of documents. Navigation
consist of both query deﬁnition and information retrieval and it provides access to the entire collection by using the
index and the representations of previously created documents. The overall navigation process is illustrated in ﬁg. 5.
Fig. 5. Navigation strategies.
Navigation starts with a user deﬁning a query expressing its information needs. The construction of query is not
addressed in this paper, although it could be generated from natural language queries,22 or thanks to form-based
interfaces where the user can explicitly specify values of observables and select appropriate ontology concepts, as
described in5 and11.
The query can trigger two information retrieval strategies, according to the set of elements speciﬁed by user, and
it is executed over the index and the collection of document models. Finally, models relevant with respect to the
query are retrieved, and their corresponding documents are presented to users. We adopt a query representation that
is similar to document representation model. Hence, a query is a couple
q = ( Vq, Eq) where Vq = (vq1, vq2,...,vqn ) is the vector of observable values, and Eq = (eq1, eq2,...,eqn ) is a set of
concepts.
For query processing, there is no weighting of concept relevance according to user interests. Having both the query
and documents represented in similar ways, the navigation model implements two information retrieval strategies,24
called respectively ﬁnding and explaining.
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Finding corresponds to a fact retrieval approach. The input is a user query, and the search strategy is carried out
on data level, by exploiting values of observables. The output is a set of documents reporting events occurred in the
same region for instance. Documents are retrieved by a ranking algorithm evaluating the similarity between the query
and models of documents as:
S im(q, d) =
Vq ∗ Vd
| Vq| ∗ | Vd |
(2)
This strategy is designed for various user proﬁles and it is suitable when a general overview of incidents is needed.
As the data and ontological levels of the index are connected, it becomes possible to perform inferences in order to
extend the information retrieval process. Thus, users are able to lead the selection of documents and therefore to
expand the set of documents by navigating along the semantic relations.
Finding is the implementation of a browsing task21, whereas the user iteratively deﬁnes its information need,
receives several documents as an answer and uses this new information to reﬁne its information need and improve the
navigation.
Explaining corresponds to an investigation search strategy. It receives a user query as input, underlying some
behavior considered of interest, and the goal is to identify documents reporting similar behaviors, regardless of their
spatial-temporal contexts. For this task, substantial knowledge is required, and this strategy uses the conceptual level
of the index. Documents are retrieved by a ranking algorithm evaluating the similarity of query and document as:
S im(q, d) =
n∑
i=1
(wi) ∗ max(ei, Eq) (3)
where:
n is the number of concepts assigned to document representation
wi is the weight of the concept ei and
max(ei, Eq) maximizes the semantic similarity between ei and the set of ontological concepts Eq of the query.
The output is a set of documents highlighting various hypotheses to be considered pertinent as to explaining the
behavior under analysis.
This strategy is designed for particular proﬁles of users, such as experts investigating maritime incidents, as it could
stimulate analogical reasoning.
Using information retrieval to improve knowledge reuse. Both ﬁnding and explaining are designed to support
an oﬄine exploration of the collection and the solution described is intended to enhance the reuse of expert’s knowl-
edge as captured by interpretation reports. Reports can be accessed by a broad category of users, from domain experts
to novice users alike. By providing access to the entire collection of documents it becomes possible to overcome
limitations of subjective expert analysis and to corroborate various interpretations in order to build a complete de-
scription of suspicious behaviors in the maritime ﬁeld. The semantic integration of the collection plays a crucial role
for navigation performances and for the eﬀectiveness of the user-oriented information retrieval.
5. Discussion on model validation
We developed a semantic-based navigation model to assist maritime safety experts in exploring a large collection
of interpretation reports. The model incorporates the semantics provided by a domain ontology as a common ground
to identify concepts indirectly related to user’s queries. We are currently working on the implementation of the
model, and results on its evaluation are not available. Hereafter we discuss the main features to be considered for this
evaluation and the expected impact.
Since we deﬁned two information retrieval strategies with speciﬁc goals, the quality of navigation will be evaluated
by diﬀerent criteria. The ﬁnding strategy corresponds to a browsing task, and for its assessment we can deﬁne the
eﬃciency, as a measure of time needed for the system to provide a set of pertinent documents and it depends on system
performances.
Explaining strategy is similar to a classical information retrieval task, its performances can be evaluated by using
the precision and recall measures, largely used in the ﬁeld of information retrieval.
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Precision is the proportion of retrieved documents that are relevant and recall is the proportion of relevant docu-
ments that are retrieved. As a domain ontology supports this strategy, the navigation model achieves several improve-
ments with respect to classical key-words based information retrieval tasks. Therefore, a better precision is expected
by reducing polysemous ambiguities, as both queries and documents have concept-based representations. Moreover,
the use of weights associated to documents representations also improves the precision, as they are able to direct each
query towards documents for which query concepts are highly relevant.
From a diﬀerent standpoint, a better recall is expected thanks to the use of similarity measures when estimating the
query-documents similarity. In this case, the class hierarchy is taken into account and broaden the sets of retrieved
documents. As a domain ontology supports the navigation model, performances also depend on the completeness and
the quality of this ontology.
6. Conclusion and future work
This paper presents a navigation model designed to explore collection of documents in the maritime domain. The
aim of this work is to provide better search capabilities for broad categories of users interested in reusing experts’
analysis of suspicious vessel behaviors. A domain ontology supports the overall solution and the semantic integration
of the collection is achieved by using concept-based representation of documents. This approach inherits underlying
diﬃculties of ontology construction and word-to-concepts assignation. The navigation model can be improved as
promising results to overcome those problems are proposed by Kyriakov and colleagues15.
Further work will focus on improving the information retrieval process by assigning importance weights to query
concepts. Those weights can be set explicitly by the user, or automatically proposed by the system, thanks to user
proﬁles, see for instance3. Another key target for future work is the empirical validation of the model. In addition,
evaluation procedures will be developed allowing a more thoroughly assessment of our model. Results provided
by our navigation model will be compared to outcome of more traditional methods used to get access to document
collections, such as browsing or key-words based search.
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